Abstract -A magnetic field rotating in the plane of a thin-film magnetoresistive sensor provides continuous saturation of the ferromagnetic material if the magnitude of the field was sufficiently large. This mode of excitation allows operation free of errors related to remanence and in the same time it helps in suppressing the Barkhausen noise. The experiment demonstrates that the contribution of the magnetic noise in the sensor output is negligible when the period of the field rotation is less than 1 ms. This enables resolution of dc and low-frequency magnetic fields of the order of 10-10 T/dHz. This result can be improved by decreasing the sensor induced anisotropy and a resolution of 10-11 -10-12 TIdHz might be attainable.
I. I"ODUCn0N
Magnetoresistive (hk) sensors are promising devices for magnetometry applications. This is due to their miniature size, small power consumption and relatively high resolution. However, two basic phenomena in the material complicate the use of these sensors in sensitive and precise magnetometers. The first phenomenon is remanence in ferromagnetic materials. The remanence is not constant in time because of temperature changes, mechanical stresses, e t c . The remanence is, therefore, a source of significant additional errors, especially at dc and low frequencies [l] , [2] . Another principal problem is the Barkhausen noise caused by the multidomain behavior of the materials. It seems that there is only one radical way to avoid operation at remanence. This is attained by exciting ferromagnetic specimens by magnetic field that alternately saturates the specimen in one and in the opposite direction [l] [5] - [7] . Such mode of ac bias can be realized by exciting a ferromagnetic specimen by sufficiently large rotating magnetic field. Similar mode of excitation is mentioned in [2] for bulk ferromagnetic materials and is described in [7] for monocrystal YIG-films. Such mode is also described in [8] and [9] for thin-film MR sensors. Their objective however, was not at all related to the treatment of Barkhausen noise
[8], [9] . In the present article we report results of experimental investigation of Barkhausen noise suppression in M R sensor excited by rotating magnetic field. where Hbx=aHkcoswt and Hby=(a+l)Hksinwt are orthogonal components of the bias field. The x and y axes correspond to the sensor's hard and easy axes respectively. Hk is the sensor's anisotropy field. H e n and Hey are orthogonal components of an external magnetic field. a is a constant larger than l+IHe/Hkl. This value of a enables a continuous sensor saturation. It is interesting that (1) yields exact solutions when the external magnetic field is absent. This equation yields exact solutions even when the extemal field is present. This occurs when the sensor produces zero output [9] . In the first case the sensor output is a purely sinusoidal signal at twice the excitation frequency. In the second case the output signal becomes phase modulated. For external fields much weaker than the amplitudes of the bias fields the output signal can be expressed approximately as, 6V= 0.5sin(2[wt-Hexsinut/aHk + HeycoS~/(a+l)ffk]). (2) The phase deviations of the signal caused by Hex and Hey components of the extemal field are given by:
0018-9464/95$04.00 0 1995 IEEE where Atx and At, are the time shifts of the even and the odd zero-crossing points of the output signal respectively. Detection of the corresponding phase shifts (3) allows independent measurements of the extemal field components.
It is interesting that ( 3 ) does not contain such parameters as resistance and current through the M R strip. Therefore, results of measurements are free of errors associated with the temperature drift of the sensor's resistance and current.
Resolution of the Method
The sensor noise causes variations of the zero-crossing locations of the output signal. Fig. 1 shows that these variations can be calculated as follows:
where Vn is the noise voltage, and V m is the amplitude of the sensor output signal. One can obtain the minimal detectable field levels from (3) and (4) Fig. 2 shows schematically the experimental setup. We have used a commercially available thin-film M R sensor of Phase. wf Fig. 1 . The relationship between the sensor output and excitation and noise.
EXPERZMENTAL RESULTS
type KMZ 10 A. The anisotropy field of the sensor was measwed to be H k = 780 A/m. The supply voltage of the sensor was set a b u t 8.5 V. Two orthogonal coils were used for ac biasing along the sensor axes. A crystal-controlled clock-generator and a frequency divider produce reference frequency for the two sinusoidal generators of the ac bias. An ultralow-noise monolithic operational preamplifier of voltage gain of 100 was used to amplify the sensor output. A comparator transforms the sensor output to a rectangularwaveform, whose duty cycle follows the zero-crossing locations (Fig. 1) . A band-pass filter prevents the influence of dc offset, drift and llfnoise of the sensor and the preamplifier and also cuts noise above 10 kHz. The comparator's output is then detected by a lock-in amplifier. Fig. 3 (a) and Fig. 4 (a) demonstrate that the sensor may produce strong Barkhausen noise when an ac bias is applied only along the easy axis direction. A rotating magnetic bias has been applied in the sensor's plane. We found, that when this bias (whose components Nbx and Hby definition accompanies (1)) is sufficiently large, namely a > 2, and when the frequency of rotation is f 21 kHz, then the Barkhausen noise is effectively suppressed. The corresponding sensor output is shown in Fig. 3 (b) . Fig. 4 (b) shows the spectrum of this output. Hz. Therefore, the total noise voltage of the M R sensor and the preamplifier is less than 10 nVrms/dHz. This result is close to the theoretical combination of the thermal noise of the MR sensor and the preamplifier noise. Hence, the contribution of the magnetic noise in the sensor output is negligible and Barkhausen noise is seems to be effectively suppressed. One can obtain from (5) Hex min 0.15 nT/dHi; Hey min I : 0.22 nT/dHz for this case. Therefore, resolution of dc and low-frequency magnetic field measurements of the order 10-10 T/dHz is achievable. 
IV. CONCLUSIONS
Barkhausen noise can be suppressed by continuously saturating the magnetic material of MR sensors. This objective has been obtained in the present work by rotating a sufficiently large bias field in the MR sensor's plane. The present measurements suggest that this technique is of potential value. It is demonstrated that the sensor's thermal noise and the noise of the associated electronics are the dominant factors that limit the resolution of measurements in the present case. Moreover, the sensor output is also remanence-errors free and offset-errors free. The output signal is obtained and detected at twice the frequency of bias rotation, which is relatively high. This eliminates l/f noise of the electronics and reduces the thermal drift errors. Hence, a resolution of the order of 10-10 T/dHZ is achievable. This resolution can be still improved by decreasing the sensor's induced anisotropy and a resolution of 10-11 -10-12 T/dHz might be attainable. Such resolution appears possible even with no extemal flux concentrator. The spectrogram corresponding to the case of Fig. 3 (b) where the sensor is continuously saturated by the rotating bias.
noise can be regarded as a quasi-deterministic process. This may give rise to the further improvement of methods for increasing the signal-to-noise performance of MR sensors. 
